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R
egulated intracellular proteolysis is crucial in many physiological processes, including the elimination of misfolded or truncated proteins, the initiation of appropriate transcriptional responses to cellular stress, and the control of protein life span (1) (2) (3) (4) . In organisms ranging from bacteria to mammals, intracellular degradation is frequently catalyzed by multisubunit AAAϩ proteolytic machines. The critical step in degradation is recognition. In bacteria, AAAϩ proteases recognize appropriate substrates via short accessible peptide sequences, called degradation tags or degrons (4, 5) . After binding, the protease uses repetitive cycles of ATP hydrolysis to unfold the substrate and then to translocate the denatured polypeptide into a sequestered chamber for degradation. The degrons of substrates can be recognized directly by the protease or recognized in an assisted fashion with the help of accessory proteins, called adaptors, which can deliver specific substrates to the protease and/or prevent degradation of other classes of substrates.
ClpS is a bacterial adaptor protein that delivers N-end rule substrates to the AAAϩ ClpAP protease (6) (7) (8) (9) (10) (11) . The N-end rule proteolytic pathway relates the half-life of a protein in vivo to the identity of its N-terminal residue (12) . In bacteria, 4 hydrophobic residues (Tyr, Phe, Trp, and Leu) serve as primary N-end rule degradation signals (13) . ClpS facilitates degradation by binding directly to these signals and to the N-terminal domain of ClpA. A specific family of E3-ubiquitin ligases recognize eukaryotic N-end rule substrates and covalently modifies them with a polyubiquitin chain, which marks these substrates for degradation by the proteasome (14, 15) . This family of E3 ligases shares a region of homology to ClpS (16) , suggesting that eukaryotic and prokaryotic systems use a common mode of N-end rule recognition.
The crystal structure of ClpS bound to the N-terminal domain of ClpA is known (7, 8) , as is the structure of ClpS in complex with a peptide containing an N-terminal tyrosine (17) . Here, we present ClpS structures bound to peptides with N-terminal Trp, Phe, and Leu, the remaining primary N-end rule residues of bacteria. We also report the structure of the free ClpS adaptor. Together, these ClpS structures reveal the molecular principles of N-end rule recognition. In all cases, the unique ␣-amino group of the N-terminal amino acid is recognized via 3 highly-specific hydrogen-bonding interactions. Two of these hydrogen bonds are made directly by conserved ClpS residues, and a third involves a water molecule that bridges the ␣-amino group and a conserved ClpS side chain in all of the peptide-bound structures. The N-terminal side chains of the peptides bind in a deep hydrophobic pocket, which is also present in unliganded ClpS. Small changes in the structure of this pocket accommodate the binding of certain N-end rule side chains. Although interactions of ClpS with other parts of the bound peptide are observed in some structures, none of these contacts are conserved. It has been shown that M53A ClpS recognizes the standard set of N-end residues but also mediates degradation of substrates with N-terminal Val or Ile (17) . We demonstrate that M53A ClpS recognizes an N-end rule peptide in exactly the same fashion as wild-type ClpS but has an expanded binding pocket that accounts for the extended substrate repertoire of this mutant. Model building shows that an N-terminal methionine could bind wild-type ClpS, but we find that the affinity of this interaction is extremely weak, providing protection for the enormous number of bacterial proteins that start with this amino acid.
Results
Crystal Structures. For structural studies, we used a truncated variant of Caulobacter crescentus ClpS (residues 35-119), which is stably folded and binds N-end rule peptides (17) . We crystallized the free protein and complexes with peptides containing an N-terminal Trp, Leu, or Phe. The crystals belonged to space group P2 1 or P2 1 2 1 2 1 and diffracted to resolutions of 2.1 Å (apo), 1.5 Å (Trp), 1.85 Å (Leu), and 2.4 Å (Phe) ( Table 1) . Molecular replacement was used to obtain initial phases, and the structures were refined (Table 1 ). The quality of the electron-density maps ranged from very good to excellent (Fig. 1A) .
The structure of the free C. crescentus ClpS adaptor was extremely similar to the peptide-bound structures of the same protein and the structure of Escherichia coli ClpS in complex with the N-terminal domain of ClpA (Fig. 1B) (rmsd Ͻ 0.5 Å for backbone atoms in all comparisons). This result indicates that no substantial rearrangements of the polypeptide backbone of ClpS occur upon binding of the adaptor to either N-end rule substrates or ClpA.
Peptide Recognition. In each of the 3 peptide-bound ClpS structures, the ␣-amino group of the peptide was coordinated by a set of 3 conserved hydrogen bonds: 1 with the side chain of His 79 , 1 with the side chain of Asn 47 , and 1 with a water molecule that also hydrogen-bonds to the side chain of Asp 49 and the backbone carbonyl oxygen of the same peptide residue (see Trp example, Fig. 1C ). The same set of hydrogen bonds was observed in the cocrystal structure of ClpS with an N-terminal Tyr peptide (17) . Thus, ClpS recognizes the ␣-amino group of different N-end rule peptides by a completely-conserved mechanism. Similarly, in each cocrystal structure, the N-terminal peptide side chain (Trp, Phe, or Leu) packed into the deep hydrophobic pocket on the ClpS surface (Fig. 2) , which was occupied by a Tyr in the structure reported by Wang et al. (17) . Although additional contacts between ClpS and the bound peptides were present in some structures, none of these interactions were conserved. Collectively, this complete set of cocrystal structures demonstrates that ClpS binds to different N-end rule substrates in the same fashion, with the ␣-amino group of the peptide and the identity of the N-terminal side chain serving as the principal recognition determinants. Relatively poor electron density was observed for peptide residues other than the N-end position. Moreover, although contacts between ClpS and the second or third peptide residues were present in some structures, these interactions were not conserved among the different structures.
Interestingly, otherwise identical peptides with Leu, Phe, Tyr, or Trp at the N terminus all bind to ClpS with affinities between 150 and 500 nM (18) . The cocrystal structures suggest that these similarities in binding affinity may occur, in part, because the binding pocket of ClpS accommodates variations in size, shape, and polarity between these N-end rule side chains.
The (Fig. 2 ). Subtle changes in the positions of these amino acids were observed in some structures, allowing accommodation of different N-end side chains. The largest changes were observed between the structure with the smallest N-end rule side chain, Leu, bound in the pocket and all of the other structures, including the peptide-free structure. Specifically, when the pocket was occupied by Leu, the conformations of several residues in the deepest part of the pocket changed to fill voids that would otherwise have been left. These changes include new side-chain rotamers for Ile 45 and Leu 46 and inward movements of Ϸ1 Å of the side chains of Val 78 and Leu 112 (Fig. 3A) . The net effect of these structural rearrangements is that a Leu side chain and a Trp side chain pack into the hydrophobic pocket almost equally tightly.
The side chains of Trp and Tyr also have polar atoms that need to form hydrogen bonds in the pocket to compensate for interactions that these groups would normally make with water in the unbound state. For Trp, the indole ϪNH of the side chain satisfies this requirement by donating a hydrogen bond to the main-chain carbonyl oxygen of Met 75 of ClpS (Fig. 3B ). For Tyr, the phenolic ϪOH donates a hydrogen bond to the main-chain carbonyl oxygen of Leu 46 ( Fig. 3C ) (17) .
Peptide Recognition by an Expanded Specificity Mutant. Wild-type ClpS does not recognize substrates with N-terminal Val or Ile. However, Wang et al. (17) showed that a mutant of E. coli ClpS could bind and deliver these classes of substrates for degradation if it contained a Met 3 Ala substitution at the position corresponding to Met 53 in the C. crescentus adaptor. We expressed the M53A mutant of C. crescentus ClpS and obtained crystals in complex with a peptide with an N-terminal Trp. The structure revealed that the M53A variant recognizes the N-end rule peptide using the same fundamental mechanism as wild-type ClpS (Fig. 4) . The ␣-amino group of the peptide formed the same conserved network of side chain-and water-mediated hydrogen bonds (Fig. 4B) , and the Trp side chain packed into the hydrophobic pocket in the same manner observed in the wildtype structure (Fig. 4A) .
The only significant differences between the wild-type and mutant structures was the presence or absence of the Met 53 side chain, which forms part of the hydrophobic pocket (Fig. 4A) . Thus, the mutant has a larger binding pocket. Based on modeling studies, Wang et al. (17) predicted that the ␤-branched side chains of Val or Ile would clash with the Met 53 side chain. Indeed, when we modeled Val or Ile into the binding pocket of the M53A mutant, there were no steric clashes. Hence, our structural studies support the idea that the Met 53 side chain plays an important role in specificity by excluding ␤-branched side chains from the binding pocket.
Substrates with N-Terminal Methionine. Although ␤-brached side chains are sterically excluded from the ClpS binding pocket, this is not true of Met. Indeed, modeling studies showed that a Met side chain could be accommodated in the binding pocket observed in the Tyr-bound ClpS structure (17) . Nevertheless, proteins with N-terminal Met are not recognized as N-end rule substrates (9, 13) . This selectivity is biologically important, because the majority of bacterial proteins have an N-terminal Met (19, 20) We considered the possibility that Met might be sterically Values in parentheses are for the highest resolution bin. Rsym ϭ ⌺h⌺j ԽIj(h) Ϫ ͗I(h)͘Խ / ⌺h⌺j ͗I(h)͘, where Ij(h) is the jth reflection of index h and ͗I(h)͘ is the average intensity of all observations of I(h). R work ϭ ⌺h ԽFobs(h) Ϫ Fcalc(h)Խ Խ / ⌺h Fobs(h)Խ, calculated over the 95% of the data in the working set. R free is equivalent to Rwork except it is calculated over the 5% of the data assigned to the test set.
allowed in the larger pocket observed in the apo, Trp-bound, Tyr-bound, and Phe-bound structures but not in the smaller pocket that optimizes packing of Leu. However, we were able to model Met into this smaller pocket without significant steric clashes (Fig. 5A) . Nevertheless, only a single Met rotamer (mmt) was allowed, and this rotamer is found in only 2% of the methionines in the structure database (21) . By contrast, the Leu rotamer in our structure is observed in 59% of all cases. If we assume that the distribution of side-chain rotamers in native structures approximates the distribution in unstructured molecules in solution, then we can calculate the expected reduction of Met binding to ClpS would be reduced by Ϸ2.1 kcal/mol compared with Leu and its affinity would be 30-fold lower based on considerations of side-chain entropy alone.
To probe for any ClpS-mediated ClpAP degradation of a substrate with an N-terminal Met, we assayed proteolysis of a 35 S-labeled variant of titin-I27 by release of acid-soluble radioactivity (Fig. 5B) . Degradation was extremely slow. The rate changed linearly with substrate concentration, allowing us to calculate V max /K M but not values for either individual kinetic constant. We estimated a K M value 200-600 M, by assuming a V max value between 2 and 6 min Ϫ1 enz Ϫ1 , which have been reported for ClpS-mediated ClpAP degradation of titin-I27 substrates with authentic N-end residues (10). These estimated K M values suggest that ClpS interacts with proteins carrying an N-terminal Met Ϸ1,000-fold more weakly than it interacts with substrates carrying true N-end rule residues. For example, changing the N-terminal Met of the titin-I27 substrate used above to Tyr reduces the K M for degradation to 600 nM (10) .
Because changes in side-chain entropy appear to account for only approximately half of the expected reduction in binding of ClpS to a substrate with an N-terminal Met, we considered the possibility that the sulfur in the Met side chain is less hydrophobic than a methylene group or packs less well into the ClpS pocket. To test this model, we synthesized 2 fluorescein-labeled peptides that differed only in having Met or norleucine (Nle) at the N terminus and measured binding to ClpS by fluorescence anisotropy. Both peptides bound weakly to ClpS, and, in each case, binding was not saturated at the highest peptide concentration that could be tested (Fig. 5C) . Nevertheless, the peptide with the N-terminal Nle bound no more tightly to ClpS than the peptide with the N-terminal Met. Because Met and Nle differ only in the presence of a sulfur atom or methylene group at the ␦ position of the side chain, we conclude that poor ClpS binding of the Met peptide is not a consequence of the presence of the sulfur.
Leu is branched at the ␥ position, whereas Nle and Met are unbranched. As a consequence, the C␦1 methyl group of Leu occupies a very different position in the ClpS pocket than the position modeled for the C methyl group of Met or Nle (Fig.  5A) . Hence, it seems likely that these differences in structure give rise to changes in van der Waals packing, which favor Leu over its straight-chain cousins. Thus, considerations of packing and side-chain entropy could plausibly account for the fact that an N-terminal Leu binds ClpS Ϸ1,000-fold more tightly than an N-terminal Met or Nle.
Discussion
The ClpS adaptor recognizes substrates bearing N-terminal Tyr, Leu, Phe, or Trp side chains and delivers them to the ClpAP protease for degradation (9, 10) . We previously reported the structure of C. cresentus ClpS bound to an N-end Tyr peptide (17) , and, here, present structures of the peptide-free adaptor and complexes with peptides with N-terminal Leu, Phe, and Trp. Despite differences in size and shape, the N-terminal side chain of each peptide fits snugly into a hydrophobic pocket on ClpS. In each case, the peptide ␣-amino group also forms 3 conserved hydrogen bonds either directly with ClpS side chains or via an invariant water molecule, which itself hydrogen-bonds to the peptide and ClpS. Thus, ClpS binds all N-terminal residues of the N-end rule pathway in a very similar manner. In all of the peptide-bound ClpS structures, only a few contacts are observed with additional residues of the peptide and these interactions are not conserved. This result is consistent with biochemical studies that show that amino acids after the first peptide position play only minor roles in ClpS affinity (10, 18) . ClpS is homologous to an E3 ubiquin ligase domain that mediates N-degron recognition in eukaryotes (16) , suggesting that the mode of N-end substrate recognition is highly conserved in all organisms.
Although all primary N-end rule side chains are generally hydrophobic, they vary substantially in size and shape. For example, the side chain of Trp is substantially larger than that of Leu. Nevertheless, ClpS interacts with substrates carrying either of these N-terminal residues with similar affinities (10, 18) . Our structures help understand this observation. Although no global structural changes occur upon ClpS binding to N-end rule peptides, we do observe minor adjustments in the hydrophobic pocket. For example, several ClpS side chains that form the pocket adopt new rotamer conformations or move inward to ensure tight packing around the smaller Leu side chain. These movements eliminate potentially unfavorable voids or cavities in the Leu-bound structure.
The hydrophobic pocket in peptide-free ClpS is essentially identical in structure to the pockets in the Trp-bound, Tyrbound, and Phe-bound structures. Thus, the only conformational adjustments that would be required for binding of peptides with these N-terminal residues would involve selection of the proper N-end rotamers, which were generally the most frequently observed in the Protein Data Bank. Thus, other than loss of translational and rotation degrees of entropic freedom, only a small additional conformational entropic cost would accompany binding of these N-end rule residues to ClpS.
␤-Branched amino acids, such as Val, are not recognized as N-end residues by ClpS, and thus proteins bearing this Nterminal residue are not degraded by this pathway (9, 13, 17) . Indeed based on predictions and direct measurements, between 2% and 3% of proteins in the E. coli proteome are thought to begin with Val, because methionine aminopeptidase removes the initiator Met from proteins that are synthesized with Met-Val at the N terminus (19, 22, 23) . Wang et al. (17) demonstrated that the Met 53 side chain in ClpS plays a major role in excluding Val and Ile, because the restriction against these ␤-branched residues was relieved when the ''gatekeeper'' Met was replaced by Ala. Here, we show that M53A ClpS binds an N-end rule peptide using exactly the same recognition contacts as wild-type ClpS. Indeed, the only substantial difference in the M53A cocrystal structure is the absence of the Met 53 side chain (Fig. 4 A) . Because the binding pocket in the M53A adaptor is not distorted and modeling shows that that the Met 53 side chain in the wild-type pocket would clash with ␤-branched side chains, simple steric exclusion ensures that ClpS does not target proteins with N-terminal Val or other ␤-branched residues for ClpAP degradation.
Previous studies indicate that bacterial proteins with Nterminal Met are not targeted for N-end rule degradation (9, 10, 13) . Because Met has a relatively hydrophobic side chain, which often substitutes for Leu in protein structures (24) , it was not immediately apparent how unwanted ClpS-mediated degradation of proteins with N-terminal Met is avoided. We find that substrates with N-terminal Met bind ClpS with Ϸ1,000-fold reduced affinity when compared with authentic N-end rule residues. Two principal mechanisms appear to be responsible for feeble binding. First, only a single relatively rare Met rotamer can be accommodated in the ClpS pocket without significant steric clashes. Based on the low frequency at which this rotamer occurs in the Protein Data Bank, we estimate that, upon binding, the loss of conformational sidechain entropy alone would reduce Met affinity for ClpS Ϸ30-fold compared with Leu. Moreover, this Met rotamer does not fill the pocket as efficiently as does Leu. Thus, we suspect that poorer van der Waals packing accounts for the remaining loss of binding affinity of ClpS for an N-terminal Met side chain. We found that Met and its isostere, Nle, bound with similar affinity to ClpS. Thus, the weak binding of Met to ClpS does not appear to be a function of the sulfur atom in this side chain.
Our cocrystal structures of ClpS bound to each of the 4 primary N-end rule residues reveal a simple set of chemical and physical principles that govern N-end recognition by this proteolytic adaptor. These structures, mutant analysis, and biochemical experiments show that the landscape or N-end rule specificity depends both on positive and negative features of recognition and exclusion. These principles of specificity will likely be important to dictating substrate choice in other AAAϩ protein adaptors.
Materials and Methods
Proteins and Peptides. Variants of C. crescentus ClpS 35-119 were used for all structural experiments (17) . E. coli ClpS and E. coli ClpAP were purified as described (10, 25, 26) . Peptides used for binding studies (NH2-MLYVQRDSKEC-COOH; NH2-Nle-LYVQRDSKEC-COOH; and NH2-LLYVQRDSKEC-COOH) were synthesized by standard Fmoc technique using a solid phase peptide synthesizer (Apex 396), labeled with fluorescein maleamide (Thermo Scientific), and purified by HPLC. Peptides used for crystallography were synthesized (NH2-WLYVQRDSKE-COOH) or purchased from Sigma (NH2-LLL-COOH and NH2-FGG-CCOH).
Peptide Binding and Protein Degradation Assays. Binding of fluoresceinlabeled peptides to ClpS was measured by monitoring changes in fluorescence anistropy at increasing ClpS concentration by using a Photon Technology International instrument as described (18) . Protein degradation was also performed as described (18) . Briefly, rates of degradation of 35 S-labeled variants of titin-I27 were measured as a function of substrate concentration with 0.5 M E. coli ClpA6, 1.0 M E. coli ClpP14, and 4.5 M E. coli ClpS. Degradation was initiated by the addition of an ATP-regeneration mix (4 mM ATP, 50 mg/mL creatine kinase, and 5 mM creatine phosphate). Time points were removed at 10-min intervals for 30 min, and degradation was quantified by the release of 35 S-peptides that were soluble in trichloroacetic acid. Degradation rates were normalized by dividing by the total ClpA6 concentration. Crystals were frozen without additional cryoprotection. X-ray diffraction data for the Leu, Trp, and M53A mutant ClpS were collected on a Rigaku MicroMax007-HF rotating anode source equipped with Varimax-HR mirrors, an RAXIS-IV detector, and an Oxford cryosystem. Diffraction data for the free adaptor (Apo) and the Phe cocrystal structure were collected at the NE-CAT 24-ID-E beamline at the Argonne National Labs Advanced Photon Source (Argonne, IL). Data were processed with HKL-2000 (27) . Initial phases for all structures were obtained by molecular replacement using the previously published C. crescentus structure (Protein Data Bank ID code 3DNJ) as a search model in PHASER (28) . COOT was used for model building (29) , and PHENIX was used for refinement (30) .
